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Abstract The fire assay process is still the most accurate and
precise method for measuring the gold content in gold alloys.
Scanning electron microscopy and transmission electron mi-
croscopy have been applied to observe the change in micro-
structure of the samples undergoing the fire assay process. The
performed observations reveal that the microstructure of the
specimen is more complex than expected. Before the parting
stage, the specimen is not a perfect gold–silver binary alloy but
contains also copper–silver oxides and other residual com-
pounds. The parting stage appears to be a dealloying process
leading to a nanoporous gold nanostructure. What observed
after partition explains the evolution of the shape and colour of
the specimen and may allow for a better comprehension of the
procedure and an improvement in the method.
Keywords Fire assay . Nanoporous gold . Dealloying .
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Introduction
The fire assay process has been well known since ancient times
as amethod for measuring the gold content of precious alloys. In
fact, it was first mentioned by the Egyptians on a cuneiform
tablet that dates back to about 1360 B.C. One of the first written
proofs of the fire assay process lies in the De la Pirotechnia , by
the Italian Vannoccio Biringuccio [1], born in Siena in 1480.
Even now, it is still the most accurate and precise method,
besides being the most popular in the goldsmith’s field. This
notwithstanding, very little information is available about the
microstructural evolution of the specimen undergoing the differ-
ent steps of the process. The present work is aimed at describing
this evolution by means of scanning electron microscopy, trans-
mission electron microscopy, as well as other analytical tech-
niques. The performed observations reveal some unexpected
microstructural changes, which cast new light on the whole
process and allow for understanding the remarkable effective-
ness of the method. Knowing why each step of a procedure is
performed in turn helps the operator to avoid making mistakes.
Materials and methods
Different methods have been applied to study the microstructural
evolution of materials undergoing the fire assay process. The
surface of the specimen has been investigated by scanning elec-
tron microscopy (SEM) equipped with electron microanalysis
(energy dispersive spectrometry, EDS), to determine its chemical
composition. The same techniques have been applied to study the
related metallographic sections. The nanostructures detected dur-
ing the analyses and the microstructural features have been
explored by focused ion beam (FIB) coupled with electron beam
for imaging, ion milling and deposition [2]. Some analyses on
thin foils extracted by FIB have been performed by transmission
electron microscopy (TEM). The crystal structure of the thin foils
has been studied by selected area electron diffraction inside the
TEM. A calorimeter has been adopted to study the transition
which occurs during the last annealing stage of the sample.
Stages of the procedure, results and discussion
The results of the microstructural analysis of the samples at
each stage of the fire assay process will be given. The fire
assay method is described in the International Standard ISO
11426:1997. The present work is not aimed at giving the
details of the process and the operating procedure which are
well known [3].
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Sampling and cupellation stages
The first stage of the fire assay process is sampling. Sampling
is a crucial stage, which is carried out according to the kind of
product to control—ingot, jewel, coin, etc. It will generally be
a chip or a small fragment of a material. The sample will have
to weigh about 250 mg to the maximum and to be weighed by
means of precision balance sensitive to the hundredth of
milligram.
Silver and lead are added to the specimen as described in
the following. A sheet of pure lead of about 3 g is prepared for
the assay of alloys whose titer is approximately 18 carats. The
analyst makes an assumption about the kind of alloy the
specimen has been taken from, then adjusts the weight of the
lead sheet by increasing it by about 4 g, when dealing with
white or red gold. The weight of the lead sheet may also be
about 7 g for a 14-carat alloy. An amount of pure silver—at
least 999.5 ‰ pure Ag, is prepared as well, according to the
presumed gold content of the sample. This process is also
known as inquartation and is aimed to dilute the gold in the
sample. The small lead sheet, pouch-like folded is used to
wrap up the sample and the silver. The pouch is then placed on
a previously heated porous cupel (Fig. 1) made of magnesium
oxides, already placed into the furnace at 1,150 °C.
After that, the door of the furnace is kept closed for a short
period of time in order to allow the temperature to increase to
1,150 °C, then is left slightly opened to allow the oxygen of
the air to enter. The cupellation process starts when the first
oily droplets of litharge appear, floating on the cupel which
absorbs them later. A small amount of litharge volatilizes
releasing fumes (Fig. 2).
By the end of the process, an iridescent-banded film pro-
duced by extremely thin films of fluid litharge is observed on
the surface of the residual bead. In the end, this thin film also
Fig. 1 Lead pouch containing the specimen and Ag, closed and placed
on a cupel made of magnesium oxide, ready to undergo the in-furnace
cupellation process
Fig. 2 Cupels containing the specimens in the furnace chamber at
1,150 °C. The fumes are due to litharge (lead oxides, which takes place
because of the presence of air). On the front of the cupels, a dark stain is
visible, caused by lead oxides and other non-noble metals (base metals)
oxides, which are about to be absorbed by the cupel
Fig. 3 At the end of the cupellation process, the beads remain on the
cupels, gleaming and still
Fig. 4 At the end of the cupellation process, the upper surface of the
beads is bright and smooth. Very often, as shown in the figure, very
different solidification structures are observed (fine grain, on the left
bead , coarse grain on the right bead). The lower part of the figure shows
the surfaces of the two beads previously in physical contact with the
cupels. They are rough and matt
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disappears and the melted mass remains, gleaming and still
(Fig. 3). Figure 4 shows the typical aspect of the beads
obtained in this way.
At the end of the process, the cupel turns greenish due to
the absorption of Pb and base metal oxides (Fig. 5). The
absorption of oxides occurs among most of the section, as
shown in Fig. 6. In the same figure, the acquisition positions
of EDS spectra and the semi-quantitative results are also
reported. Interestingly enough, a high Pb concentration and
a significant amount of Cu are detected even into the cupel,
which gives evidence of the efficacy of the absorption process.
Silver is identified in the region where the bead has touched
the cupel. In this area, the EDS microanalysis cannot reveal
Au concentrations lower than 1 % in weight, also because of
the concurrent presence of Pb. As a consequence, the presence
of Au is not to be excluded—at least in this area, where it
could be associated with Ag. In this case, a common error
regarding the final measurement of the gold titer would occur,
due to the absorption of gold by the cupel.
The final aim of the cupellation process is to obtain a binary
gold–silver alloy, and it is achieved only if the requirements
about the weight of inquarted lead and silver are satisfied and
the oxide formation occurs correctly, with the appropriate
oxygen contribution. At this stage, the operator’s skill is
fundamental.
However, it must be pointed out that if the alloy contains
also Pt, Pd, Ir, Rh, Ru and Os, these elements remain in the
bead together with Au and Ag. Ir, Rh, Ru and Os concentrate
mainly at the bottom of the bead. In this work, this possibility
is not considered and the details about how to deal with this
case are not given [4].
In order to examine the microstructure of the bead, some
SEM observations have been performed on its surface and
metallographic sections.
Fig. 5 Aspect of the cupel after the cupellation process. The greenish
stain is due to the absorption of Pb and base metals oxides
Fig. 6 The cupel section is
mainly saturated with oxides. The
chemical composition in the four
positions marked by the arrows
has been determined by EDS.
This technique provides for semi-
quantitative results. The element
concentration changes from cupel
to cupel. Ni and Zn are other
frequently detected elements. Of
course, the results can change
from bead to bead
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The upper part of the bead shows grains whose size
changes significantly from specimen to specimen (Fig. 7).
This behaviour could be reasonably ascribable to different
causes, such as the dissimilar content of Ag and Au of the
beads, the different solidification rates and the presence of
trace elements which act as solidification nuclei. Carbon-rich
residues are also detected on the surface.
The bottom of the bead, which touches the cupel, appears
rough (Fig. 8), due to the imprint left by the granules of
magnesium oxides of the cupel. Lead-base residues and other
kind of oxides are found on this side of the bead, as detected
by EDS, despite the brushing performed by the operator
according to the procedure. This means that the surface
cleaning is never accomplished. However, these residues are
thought to be removed almost completely by the subsequent
partition stage, as they are very superficial and the acid sweeps
them away very easily. Recent studies support this idea,
Fig. 7 SEM, backscattered electron image (BEI). Surface of the two
beads. Different grain sizes are visible. The small dark particles are
carbon-rich residues
Fig. 8 SEM, backscattered electron image (BEI). a Lower surface of the
bead. The surface is rough due to its physical contact with the cupel.
Many oxides are steeped in it, even though the bead has been brushed, as
per procedure. b Detail of the bottom of the bead. Oxides, residues of the
cupel, scales of lead oxides (white areas) and carbon-rich residues are left
despite brushing
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showing that the cleaning of this side of the bead can cause
only minor measurement errors [5]. However, the operator
must be aware of that.
Figure 9 shows the aspect of a vertical section of the bead,
perpendicular to the supporting plane of the cupel.
When using the backscattered electron signal of the SEM, a
micro-segregation of Ag appears (Figs. 9, 10 and 11). The Ag
weight concentration measured by EDS microanalysis along
the segregation bands ranges between 74 and 76 % and
decreases to about 70 % outside the segregation bands.
Obviously, the concentrations reported here concern the bead
considered as an example and are a function of the weight of
the inquartation Ag used. As a consequence, they change from
specimen to specimen.
Small isles mainly made of copper and silver oxides are
also observed (Figs. 12 and 13). The horizontal section of the
bead shows the same microstructural characteristics as the
vertical one.
At the end of this section, it is important to notice that the
bead is not a homogeneous and pure gold–silver alloy, as
expected, but contains some oxides on the bottom surface
and inside its section.
Cornet stage
The bead is hammered, annealed and rolled to a thin
strip. Then, the rolled section is flame annealed and
Fig. 9 SEM backscattered electrons image (BEI). Polished vertical metal-
lographic section of the bead seen in the upper part of Fig. 7. Its micro-
structure is homogeneous, and shows a fine-net silver micro-segregation
Fig. 10 EDS spectrum acquired on the metallographic section of Fig. 9.
The corresponding semi-quantitative chemical analysis is given in the
table. The bead contains Cu. The weight ratio Ag/Au is about 2.7, which
is appropriate, as it should range between 2 and 3. Results change from
bead to bead. The presence of other trace elements cannot be excluded,
due to the relatively low sensitivity of the EDS technique
Fig. 11 SEM backscattered electrons image (BEI). Detail of Fig. 9. The
fine network due to the micro-segregation of silver is visible. The weight
concentration of silver on the boundaries of the net is about 75 %. The
small dark isles are composed of Cu and Ag oxides. See their detail in
Fig. 12. The morphology of segregation changes from bead to bead
Fig. 12 Detail of one of the dark isles (spots) of Fig. 11, made of Cu and
Ag oxides (see the correspondent EDS spectrum in Fig. 13)
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subsequently rolled up to a cornet-like shape (Fig. 14).
The rolling must not be too tight, so as to allow the
wettability of the whole surface. Furthermore, particular
attention must be paid in order to keep the previous
bottom of the bead—the one contacting the cupel, to the
outside. By doing this, the oxides seen on this side of
the bead will be on the outer surface of the cornet.
Now, the cornet is ready to be put into an acid solution
in the following partition process.
An analysis by TEM has been performed on thin foils
obtained from the surface of the annealed strip. The TEM thin
foils are prepared by thinning the material by means of the so-
called dual beam system (FEG-FIB) available in a focused ion
beam apparatus [2]. Figure 15 shows the surface of the strip
where the thin foils have been obtained. The presence of some
grains in relief and the dispersion of fine round pores give
evidence that annealing has taken place.
The effect of annealing on re-crystallization is clearly vis-
ible. The nano-voids created during dislocation coalescence
characterizing the surface also affect the bulk, down to about
3 μm (Figs. 16 and 17). They are present in this zone because
the plastic deformation of the metal is higher in this thin layer
of the section, due to the rolling process.
The dislocation density decreases dramatically after flame
annealing (Fig. 18), which is also supported by electron dif-
fraction, as well as the twin crystals presence (Fig. 19). These
observations show that the cause of the surface nano-voids is
due to the re-absorption of dislocations.
Fig. 13 Typical EDS spectrum acquired on the dark isles visible in
Figs. 11 and 12. They are mainly made of Cu and Ag oxides
Fig. 14 The four stages of the cornet preparation are here represented. First the bead is hammered, flattened and rolled to a thin strip (top right), then
flame annealed by means of a Bunsen apparatus and cornet shaped by hand
Fig. 15 SEM image of the surface of the work-hardened strip after flame
annealing. The re-crystallization reveals the grains of the material. In
addition, a dispersion of small voids is observed
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Parting stage
The parting stage allows the separation of gold from silver,
providing a cornet made of gold only. The process occurs in
two stages, by keeping the cornet in boiling nitric acid. The
first stage makes use of nitric acid in 22° Bè (bè degrees)
aqueous solution, the second one of nitric acid in 32° Bè
aqueous solution (Fig. 20).
At the end of the process, a brownish cornet—very difficult
to handle, is obtained (Fig. 21). This cornet contains only
gold. If too much silver, with respect to the initial specimen
gold content, is added in the cupellation process, the cornet
breaks into small pieces or even reduces to powder during
partition. The microstructural evolution of the material during
partition has long been unexplained. In fact, partition is sim-
plistically referred to as a process in which silver is removed
by means of nitric acid, which leaves only gold atoms inside
the cornet. This description is not enough to describe thor-
oughly what happens. The reason why the cornet preserves its
initial geometric shape (Fig. 21) is not clear. Since it is made of
a quite homogeneous binary gold–silver alloy, a selective
dissolution of silver should lead to a powder-like gold precip-
itation at most. Therefore, the reason why the cornet keeps its
geometrical shape has been investigated by performing mi-
crostructural studies after partition.
Fig. 16 At the end of the thinning procedure, the thin foil is pulled out of
the specimen, ready to be analysed by TEM. The surface of the strip is the
upper part of the thin foil
Fig. 17 SEM image of the thin foil obtained from the strip after flame
annealing. See the grain re-crystallization and the presence of round nano-
voids down to 3 μm in depth from the surface
Fig. 18 TEM images. a Detail of the microstructure of the work-
hardened strip. b Detail of the strip after flame annealing. The material
re-crystallization causes a significant decrease in dislocation density. Very
few dislocations and twin crystals appear in this image
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Figure 22 shows a detail of the cornet surface after partition
(dark brown cornet in Fig. 21). The surface has the typical
appearance of the nanoporosity obtained after dealloying of a
Ag-Au alloy [6–8]. This microstructure is characterized by a
considerable isotropy, not only at the surface of the cornet but
also inside it (Figs. 23 and 24). The dealloying process and the
microstructure of nanoporous gold have been studied and a
mechanism of nanoporosity development has been proposed
[9–17].
Another microstructural feature which turns out after the
partition process is highlighted in Figs. 25 and 26. Along the
cracks which reveal the inner part of the cornet, intergranular
surfaces or better still the surfaces corresponding to the pre-
vious grain boundaries of the annealed strip are visible. This
means that the transformation that occurred during partition
has taken place on a nanometric scale, preserving memory of
larger sized structures such as the initial crystal grains. The
gold atom movement giving rise to the nanoporous gold has
occurred ‘locally’, without involving wider scale diffusion
phenomena. This aspect is perfectly in agreement with the
model describing the nanoporous gold genesis. Furthermore,
the shrinkage of the cornet which preserves its morphology
(Fig. 21) is a typical feature of the dealloying process [7].
Fig. 20 Dissolution of silver during the first stage of partition, in 22° Bè
boiling nitric acid. The amber fumes are produced by the dissolution of
silver. The boiling acid is visible at the bottom of the flask
Fig. 22 Cornet surface after partition (brown cornet in the lower part of
Fig. 21). A granular structure is observed, whose granule size is uniform
Fig. 21 The same cornet before and after partition is shown in the upper
and lower part of the figure, respectively. See the size reduction that the
cornet undergoes during the process. After partition, the cornet becomes
typically brown, but preserves its initial shape
Fig. 19 The electron diffraction pattern corresponding to the area in
Fig. 18b confirms the considerable decrease in the dislocation density
(the diffraction spots are dot-like and not elongated) and the presence of
twin crystal, proved by twin spots next to the main ones
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In the light of the dealloying process, the geometry of the
nanoporous gold (pore size, ligament size, gold cluster size)
depends on the process of parting and on the initial silver–gold
ratio. This means that good results are possible only if all the
process parameters are respected. Furthermore, the final mi-
crostructure of the cornet after partition may change from a
laboratory to another, due to slightly different equipments and
procedures. It would be interesting to know if suggestions can
be given in order to get the best results, for example reducing
cracks in the nanoporous structure of the cornet.
In order to better understand the microstructure of the
nanoporous cornet, a TEM thin foil has been prepared.
Figures 27 and 28 are TEM images of the nanoporous gold
at different magnification. The nanoporous gold shows an
inner fragmentation into gold nanocrystals, just a few nano-
meters sized. The nanocrystals are separated by twin crystals
boundaries, as shown by selected area electron diffraction
Fig. 24 Detail of the cornet microstructure after the partition process. A
nanoporous morphology characterizes the whole specimen
Fig. 25 SEM image. By breaking the cornet after partition, it is possible
to detect the previous grain structure. The transformation of the material
into a sponge structure has occurred on a nanometric scale, preserving the
memory of the previous crystal grains. The grains appear detached from
one another
Fig. 26 SEM image. Detail of Fig. 25 showing an ex grain boundary
region
Fig. 23 SEM image. Fractures on the cornet surface after partition. The
isotropy of nanoporosity is seen also inside the cornet
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(Fig. 29), which means that the nanoporous gold is composed
of a pure gold nanocrystals cluster.
The fact that the cornet (Fig. 21) has a nanoporous micro-
structure explains the reason for its brown colour. This optical
characteristic originates from the nanoscale morphology. In
general, it can be said that, due to the nanoporosity, new
modes of interaction of the light with the gold became impor-
tant. In particular, interactions involving electronic oscilla-
tions called surface plasmons are possible. Furthermore, the
gold behaves optically as a metal towards higher wavelengths
(in the near-IR region) in comparison with bulk gold. For this
reasons, the cornet appears brown in colour [18–22]. This
very interesting behaviour of nanoporous gold and gold
nanoparticles has been studied also for many different appli-
cations, such as monitoring body fluids, new electronic de-
vices and decorative effects [23–31].
The annealing process of the cornet
After the partition process, the cornet is fragile due to its
microstructure. At this point, the fire assay procedure entails
annealing the cornet to make it easy to handle again.
Annealing involves placing the cornet on a cupel which is
put into the furnace at 900–950 °C. At the end of the process,
the cornet has the typical gold colour and can be easily
handled (Fig. 30). Obviously, this final annealing causes a
decrease in its size, which adds to the one already occurred
during partition. The nanoporous microstructure disappears in
the final cornet.
Fig. 28 Detail of the nanoporous microstructure. Electron diffraction can
be performed on a selected area (SAD) whose diameter can be reduced
down to 20 nm, and whose position can change
Fig. 29 Selected area diffraction shows that the crystal structure of the
sponge is pure gold and is characterized by twin crystals, as proved by the
twin spots (see the circle in the SAD image)
Fig. 30 The same cornet before partition and after final annealing is
shown in the lower and upper parts of the figure, respectively
Fig. 27 TEM image of the nanoporous microstructure
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A calorimetric analysis has been performed to define the
temperature range in which the process of the nanoporous
gold evolution into a bulk structure takes place.
The temperature inside the calorimeter has been in-
creased at a speed of 7 °C/min and the specimen has
been kept in nitrogen flow. The obtained graph is
shown in Fig. 31. This measurement, repeated on other
cornets, makes it clear that the nanoporous gold
changes its structure at temperatures which are much
lower than the gold melting temperature. At a temper-
ature of 500 °C, the cornet already shows the charac-
teristic colour of gold. SEM analyses reveal that at
500 °C the nanoporous structure is almost completely
destroyed for the most part, at least on the cornet
surface (Fig. 32).
Even this behaviour of the nanoporous gold is well known.
In fact, the most frequently used method to modify the mor-
phology of nanoporous gold has been the thermal treatment
which leads to the coarsening of pores and ligaments [7]. This
thermal coarsening preserves the starting pore structure, its
only effect being increasing the size of the characteristic
features (consider Fig. 33).
The mechanism of thermal coarsening is partly due to the
increase in surface diffusion of gold atoms, which leads to an
increase in the average pore size. The calorimetric curve (Fig. 31)
shows that an exothermic reaction takes place, according to a
reduction in energy of all the system. Furthermore, it must be
considered that the nanoporous gold is characterized by a surface
tension [32] whose release during heating may contribute to the
evolution of the microstructure.
The fire assay process comes to an end now. The annealed
cornet is now weighed again. The gold concentration of the
initial specimen, which weight is known, is therefore comput-
ed from the two measurements.
Fig. 32 SEM image. The surface morphology of the cornet after heating
at 500 °C shows that the nanoporous microstructure has disappeared, at
least on the surface
Fig. 33 The figure shows the initial nanoporous surface of the cornet (a)
compared with the same surface after heating at 450 °C (b). This is the
typical thermal coarsening of the nanoporous gold which preserves the
starting morphology and only increases the features in size
Fig. 31 The calorimetric curve shows only an exothermic reaction
between 220 and 350 °C (see the lower curve , which is a magnification
of the upper one). The peak of the exothermic reaction is at about 300 °C
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Conclusions
This work shows that a process which has been given for
granted and well established for ages reveals interesting as-
pects of the behaviour of precious metals such as gold and
silver. Particularly, it is possible to explain how the material
evolves during the fire assay and, especially, understand the
reasons why the cornet changes colour and shrinks during the
partition stage.
What reported here clarifies why all the stages of the
procedure must be performed in order to obtain good results.
Particularly, the action of lead as a scavenger of base metals
and the logic of adding silver in precise amounts during the
cupellation stage in order to have the nanoporous gold are
understood. Finally, the microstructural analyses reveal the
reason why it is necessary to make use of all the well-known
working methods in the various phases of the procedure.
The cupellation process appears to be a dealloying process
which can be improved thanks to the knowledge of the mech-
anisms of nanoporosity evolution and nanoporous gold gener-
ation, in particular, in order to avoid the cracks inside the cornet
which may be responsible for loosing small pieces of material
and producing errors in the gold content measurement.
Therefore, the analysts who perform the fire assay test daily
can better understand what they usually do and improve the
procedure further, in the light of what reported here.
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